Abstract. Diffusion theory is often used to model the transport of light within tissue. It can be used to calculate the light fluence rate in tissue, for example, during photodynamic therapy, or to measure the absorption and scattering properties of tissue. For both of these applications, the influence of the interface between the tissue and the exterior medium on the fluence rate inside the tissue must be known in order to make accurate calculations. We present an experimental investigation of the effect of the refractive index mismatch at the tissue interface on the internal light fluence rate and on the spatially resolved diffuse reflectance as the boundary conditions of the tissue/ external medium are changed. The effects of changing the relative refractive index at the boundary are compared to predictions of diffusion theory. The effect of the refractive index mismatch is predicted correctly by diffusion theory.
Introduction
Diffusion theory is often used to model the transport of light within tissue. This can be used to calculate the light fluence rate in tissue, for example, during photodynamic therapy, 1, 2 and the accuracy of these calculations can be critical to success of the treatment. Other applications involve the measurement of diffusely reflected light which, combined with numerical optimization algorithms, can be used to infer bulk tissue optical properties, drug concentrations or in optical imaging. [3] [4] [5] [6] [7] [8] In all of these applications the influence of the interface between the tissue and the exterior medium is important. Generally, when the refractive index of the tissue is different from that of the external medium, light will be internally reflected back into the tissue at the interface. This will change the internal fluence rate and will distort the spatial and temporal diffuse reflectance profiles. As a result, calculations of internal fluence rates for photodynamic therapy dosimetry or estimates of tissue optical properties based on reflectance are highly dependent on understanding the influence of the boundary conditions. In addition to this, understanding the effect of the boundary can be used to optimize photodynamic therapy, for example, by choosing whether to fill a balloon with a transparent or scattering liquid, or with air during photodynamic therapy of the bladder wall. 9 The diffusion equation can be solved subject to boundary conditions at the interfaces. 10, 11 These boundary conditions are derived by considering Fresnel's laws of reflection and balancing the fluence rate and photon current crossing the interface. There is a wealth of published data comparing Monte Carlo simulations to diffusion theory predictions, but to our knowledge there are few published data showing that the predicted influence of boundary conditions is actually realized in tissue. In a study by Marijnissen and Star 12 absolute fluence rate measurements were obtained in tissue and were compared with diffusion theory predictions. These predictions included both the influence of the boundary and the tissue optical properties, but did not separate them. We present an experimental investigation of the effect of the refractive index mismatch at the tissue interface on the light fluence rate inside the tissue as well as the spatially resolved diffuse reflectance. The effects are compared with those predicted by diffusion theory.
Materials and Methods
Two complementary experiments were performed. The first experiment investigated the effect of the boundary conditions on the internal fluence rate from an externally applied broadbeam light source. The second experiment investigated the effect of boundary conditions on the steady-state reflectance of a pencil beam from the medium.
Internal Fluence Rate
This experiment was performed in transmission geometry ͑see Figure 1͒ . A gel phantom was placed inside a transparent glass container and broad-beam light ͑with a beam diameter greater than the area of the container͒ entered the phantom through the bottom of the container. The relative refractive index at the upper surface of the phantom was adjusted by introducing a transparent liquid layer above the phantom. This arrangement maintained a constant refractive index at the entrance surface of the phantom so that the total power entering the phantom was not perturbed by refractive index changes at the boundary. The gel phantom was easily liquefied upon heating, and it was therefore possible to place optical fibers at arbitrary locations inside the phantom before re-solidifying the phantom. The light source was a halogen bulb housed within a slide projector. The relative light fluence rate was measured via the four embedded optical fibers while a reference fiber was placed in the incident beam to monitor fluctuations in source output. These were coupled to a charge coupled device ͑CCD͒ based spectrometer which allowed measurements of the spectral fluence rate at all four depths. The embedded fibers had cut ends and were oriented perpendicular to the incident light source in order to make them insensitive to the unscattered primary light. The minimum depth of the detection fibers was 10 mm and at this depth and beyond there is no depth dependence to the directional dependence of the radiance.
The phantom consisted of ethylene glycol, with gelatin as a thickening agent and titanium oxide as a light-scattering agent. The total thickness of the phantom was 22 mm and the optical properties of the phantom were measured using both steady-state 13 and time resolved reflectance. 14 The transport scatter coefficient was 0.63 mm Ϫ1 and the absorption coefficient was 0.003 mm Ϫ1 at 650 nm and the refractive index was 1.47. The two transparent liquids were water, nϭ1.33, and phenoxyethanol, nϭ1.54. Four fibers were spaced at nominal depths of 1, 5, 7.5 and 10 mm from the top of the phantom. The true fiber depth was determined by slicing the phantom vertically through the level of the fibers and measuring the depth from the surface.
This experiment was repeated using whole chicken breast with the following small changes in protocol. The optical fibers were introduced via 17 gauge needles, which were removed ͑leaving the fibers in place͒ for the fluence rate measurements. Olive oil was chosen as the liquid above the tissue because both water and phenoxyethanol degraded the tissue surface and changed the internal reflection over time.
Optical diffusion theory was used to calculate the internal light fluence rate under the experimental conditions. The steady-state diffusion equation for this geometry is
where ⌽(z) is the internal diffuse fluence rate as a function of
is the transport scattering coefficient, and s , a , and g are the scatter and absorption coefficients and the anisotropy parameter ͑mean cosine of scattering angle͒, respectively. The right-hand side includes the diffuse photon source term which is approximated as the depth dependent ''first'' isotropic scatter probability. This is given as the product of s Ј and the attenuated primary fluence rate P exp͓Ϫ t Јz͔ where P is the incident fluence rate. The depth is set to zero on the entrance surface and increases towards the top surface.
The boundary conditions at the interfaces are obtained by setting the irradiance at the boundary equal to the integral of the reflected radiance 10 and can be expressed in the following form:
where Aϭ(1ϩR eff )/(1ϪR eff ), and R eff is the effective reflection coefficient, which can be found by integrating the Fresnel reflection coefficient over all incident angles. 10 For the gel phantom A E ϭ3.415, and A T ϭ3.415, 1.370 and 1.020 for air, water and phenoxyethanol above the phantom. If we assume a value for the refractive index of tissue of 1. 
Steady-State Reflectance
The second experiment was performed in reflection geometry ͑see Figure 2͒ . A pencil beam of light was introduced into a phantom using a 400 m core optical fiber held directly in contact with the upper surface of the phantom. A second 400 m core detection fiber was held less than 0.5 mm above the phantom to collect the diffusely reflected light. This was mounted on an XY translation stage which allowed accurate adjustment of the distance between the two fibers. The detection fiber was coupled to the spectrometer as before. The phantom was prepared using TiO 2 in a solid polystyrene (n ϭ1.59) matrix. 16 This was used, rather than the gel phantom, so that the upper surface could be machined to produce a smooth flat interface with the liquid. The relative refractive index at the upper surface was adjusted by introducing water above the phantom. Because the collection fiber was held above the phantom, the collection aperture was different when the upper layer was air or water. We have run Monte Carlo simulations ͑not included͒ that show virtually no radial dependence in the directional response of the detection fibers for radial distances greater than 1 mm. Thus, the difference in collection aperture affected the absolute response of the detection system but not the relative radial response.
As above, optical diffusion theory was used to calculate the diffuse reflectance rate under the experimental conditions. The steady-state diffusion equation for this geometry is given as
The boundary condition at the entrance surface was given by Eq. ͑2͒. The expression for the reflectance derived by Kienle and Patterson 11 using diffusion theory was used. Briefly, the source term was modeled as a point scattering source at a depth of one mean free path, z 0 ϭ1/ t Ј , and the extrapolated boundary approach was used to satisfy the boundary condition. The spatially resolved steady-state reflectance per incident photon, R(), was calculated using
where r 1 ͱz 0 2 ϩ 2 ; r 2 ϭͱ(z 0 ϩ2z b ) 2 ϩ 2 and z b ϭ2AD is the distance to the extrapolated boundary. The parameters F R and F ⌽ represent the fractions of the fluence rate and the flux which exit the tissue across the interface. These values are obtained by integration of the radiance over the backward hemisphere. 11 For the polystyrene phantom the values F R and F ⌽ were 0.089 and 0.239 for air, and 0.169 and 0.406 for water above the phantom. Expression ͑6͒ was used to fit the measured reflectance data in order to derive the scatter and absorption coefficients of the phantom.
Results

Internal Fluence Rate
In order to assess the effect of internal reflection at the top of the overlying liquid layer, the light signal at each optical fiber was measured as the depth of the liquid was increased. Results are shown in Figure 3 where water was the transparent liquid. The general trend for all four detection fibers is that . At depths of overlying water greater than 40 mm the relative fluence is constant and is equal to that for a semi-infinite layer of water above the phantom. measured light fluence rate decreased relative to the initial value ͑phantom/air interface depthϭ0͒, and near a depth of 40 mm a constant relative fluence rate was achieved. Beyond this depth, there is no influence of internal reflection at the water/ air boundary and the measured relative fluence rate is equal to that for a semi-infinite layer of water above the phantom. A similar set of measurements ͑not shown͒ was performed using phenoxyethanol.
The relative fluence rate ͑phantom/liquid to phantom/air͒ was determined for both water and phenoxyethanol at all four depths in the phantom with more than 40 mm overlying liquid ͑see Figure 4͒ . The greatest source of uncertainty in the measured data was the measurement of the depth of the fibers and is shown as a horizontal error bar. Adding the transparent liquid changed the relative refractive index at the interface from 1.47 to 1.10 ͑water͒ or 0.95 ͑phenoxyethanol͒. This resulted in a reduction in the amount of light internally reflected back into the phantom from the upper surface and hence reduced the internal fluence rate. This effect was greatest near the upper surface, where the ratio of forward/backward propagating light is the least. The difference was also greater for phenoxyethanol because it introduces a larger change in reflectance than water.
The diffusion theory expression ͓Eq. ͑3͔͒ was used to calculate the relative fluence rate ͑phantom/liquid to phantom/ air͒ for both water and phenoxyethanol at all depths in the phantom. These results are plotted as solid curves in Figure 4 . Overall, the measured effect of changing the refractive index mismatch is modeled well by theory.
The experiment was repeated using chicken breast and olive oil and the results are plotted in Figure 5 . The reduction in relative fluence rate is similar to that seen with the gel phantom. The solid curve represents the diffusion theory calculations and is based on published values for the tissue index of refraction 15 nϭ1. 4 , and optical properties 17 s Јϭ0.33 and a ϭ0.017 mm
Ϫ1
. At shallow depths the theoretical model predicts well the effect of the interface, but is less accurate at greater depths.
Steady-State Reflectance
The spatially resolved reflectance for different depths of water overlying the phantom is shown in Figure 6 . In this graph ln͓ 2 R()͔ is plotted against , where is the radial distance and R() is the measured diffusely reflected light normalized to the value at ϭ1.1 mm. As the water depth changed, the Figure 4 . Relative internal fluence of olive oil/tissue to air/tissue interface at four depths in the phantom. Solid curve is diffusion theory calculation using published optical properties for chicken breast muscle.
Fig. 6
Spatially resolved reflectance from polystyrene phantom with different depths of water overlying the phantom. The solid circles are for an air/phantom interface (dϭ0 mm) and the open circles are for different depths of water above phantom. The log of the reflectance multiplied by the square of the radial distance is plotted. Note the presence of a depth dependent artifact for all depths greater than 0 mm due to internal reflectance at the water/air boundary. For water depths greater than 7.5 mm the artifact does not affect the reflectance over the range of radial distances presented and the reflectance is equal to that for a semi-infinite layer of water overlying the phantom.
reflectance curve changed from its initial shape at dϭ0, corresponding to a relative refractive index mismatch, n rel , of 1.59 at the surface, to its final form at dϭ10 mm, with n rel ϭ1.2.
The curves at the intermediate depths show an interesting artifact. There is a secondary minimum in the curve and the reflectance is elevated beyond this. This artifact is due to light which has been diffusely reflected from the phantom from extremely short distances, then has been internally reflected from the water/air interface back into the phantom and is then diffusely reflected again. It appears as a ring of light in a two-dimensional view. This effect has been observed and explained by other investigators when illuminating a diffuse reflecting surface on a glass plate. 18 The magnitude and location of this structure is highly dependent on the thickness of the overlaying water layer, but at a depth of 10 mm it appears beyond a radius of 10 mm ͑not shown͒ and does not affect the reflectance curve at closer distances. At this depth, the reflectance curve can be considered equivalent to that with a semiinfinite volume of water above the phantom.
If the curves for depth 0 mm ͑air/phantom interface͒ and depth 10 mm ͑water/phantom interface͒ are compared, two phenomena can be noted. First, at large distances, the slopes of these curves are similar ͑in fact the slope approaches eff ͒.
Second, the radial distance of the peak is greater for the air/ phantom interface. This is due to light which has been internally reflected at the interface at a short distance escaping at a larger distance.
The spatially resolved reflectance for water and air above the phantom was fitted to Eq. ͑6͒ using the Marquardt least squares fitting algorithm 19 and the results are shown as solid curves in Figure 7 . The fitted curves match the measured data.
The fitted optical properties were s Јϭ2.64 and a ϭ0.0150 mm
Ϫ1
for air, and s Јϭ2.32 and a ϭ0.0157 mm Ϫ1 for water over the phantom. The fitted values for the different boundary conditions agree to within 13% and 5% for the scatter and absorption coefficients, respectively. Published reports 4 suggest that the accuracy of optical property estimates using steady-state reflectance is of the order of 5%-10%. Within this uncertainty level, the fitted values are not affected by changes in the boundary conditions. To further understand the effect, the average of the fitted optical properties was used to calculate the reflectance using both the water and air boundary conditions. These are plotted in Figure  7 using dashed lines. These curves match the data well except at the very short distances where diffusion theory may no longer be valid.
Discussion and Conclusions
This investigation was undertaken to verify the influence of the boundary conditions on the diffuse internal fluence rate and diffuse reflectance predicted by diffusion theory. The relative refractive index at the surface of a phantom or a tissue sample was changed by adding a layer of transparent liquid above it. The changes in the internal fluence rate or reflectance relative to the initial phantom/air interface were compared with predicted changes.
Adding the transparent liquid above the phantom caused the internal fluence rate to decrease relative to the air/phantom interface. This is due to reduced internal reflection back into the phantom from the interface. The magnitude of the effect is modeled well by diffusion theory. The same effect was seen when the experiment was repeated using the tissue sample. The results indicate that the predicted effect of the boundary conditions is observed both in phantoms and in real tissue samples.
Adding the transparent liquid above the phantom caused the spatially dependent diffuse reflectance curve to change shape. The final slope of the curves was the same, but the peak position moved to larger distances. When the reflectance was fitted using the diffusion model, the optical properties obtained from the best fit lines were within 13% of each other. The curves calculated using the average best fit matched the data well except at short distances.
Both of these results were obtained under conditions ͑large depth, large radial distance͒ where the fluence is well described by diffusion theory. At very shallow depths where the incident light contributes to the fluence and at small radial distances where singly scattered photons contribute to the reflectance, the radiance will be highly anisotropic and the internal reflection at the surface will not be described by the boundary condition given in Eq. ͑2͒. In these regions diffusion theory will not adequately describe the fluence and more complicated transport models are needed.
Under conditions where diffusion theory can be used to model light transport in tissue, the influence of the boundary conditions on diffuse internal fluence rate and diffuse reflectance are predicted well both phenomenologically and quantitatively by diffusion theory.
Fig. 7
Spatially resolved reflectance from polystyrene phantom with air/phantom and water/phantom interfaces. As in Figure 6 , the log of the reflectance multiplied by the square of the radial distance is plotted. The symbols are the measured data, the solid curves are least squares fits of the data to the diffusion theory model [Eq. (6)], and the dashed curves are forward calculations of Eq. (6) using the means of the fitted optical properties for the two different interfaces.
